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Abstract 
Cement is the most ubiquitous construction material worldwide due to its abundant 
use as the primary bonding agent in mortars and concretes, and is believed to be 
responsible for approximately 7% of CO2 emissions globally. With cement production 
more than doubling since the turn of the century, increasing concerns surrounding 
climate change and global warming have emphasised the need to explore more 
sustainable materials and practices in the construction industry. This research project 
aims to experimentally investigate the effect of partial cement replacement with waste 
ceramic powder (WCP) on bond strength at the brick-mortar interface.   
Large quantities of waste ceramic material are produced through building demolition 
and from ceramic manufacturing by-products, causing significant negative impacts on 
the environment and increasing landfill burdens. WCP has been identified as a 
potential supplementary cementitious material to reduce carbon emissions associated 
with cement production, while simultaneously providing an alternative use for wastes 
and by-products that would otherwise be discarded as landfill. Past research on this 
topic has focused on assessing compression strength, with further investigation needed 
into the bond strength between bricks and WCP mortars, to better assess the suitability 
and feasibility of WCP mortar use in building construction. 
WCP was produced from two independent sources of ceramic construction waste. Nine 
mortars of varying WCP replacement percentages were mixed and used in the 
construction of masonry couplets. The bond wrench method outlined in AS3700:2018 
was used to assess the bond strength of each mortar at 7-day and 28-day curing 
durations.  
This research project has identified that the partial replacment of cement with WCP 
does create changes in bond strength at the brick-mortar interface. There were 
significant decreases in bond strength in the higher replacement percentage rates,  
linked to perimeter separation of the bond, reducing the effective bond area likely due 
to mortar shrinkage with rapid drying. WCP inclusion also caused significant changes 
in bond strength development, especially in WCP percentages greater than 20%. 
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Chapter 1 Introduction 
 
This chapter introduces the use of Waste Ceramic Material (WCM) as a supplementary 
cementitious material for use in brick-mortar construction and its potential for 
reducing the global dependence on clinker production. Furthermore, it outlines the 




Brick and mortar construction is a commonly used construction method utilised in 
most countries due to the low associated costs, high compressive strengths and 
durability characteristics (Singh & Munjal 2017). Mortar construction methods date 
back to 5000-3400 BC, where primitive mortars were used by the Egyptians to bind 
and seal stone block buildings (Kurdowski 2014). Cement, the primary bonding agent 
used in mortars and concretes, is the most widely used construction material globally 
(Alsop 2019). Cement can be described as a material with cohesive and adhesive 
characteristics facilitating the bonding of fragmented elements into a compact 
component (Neville 2011). Cement has become indispensable to modern life and has 
played a pivotal role in the development of the essential infrastructure and transport 
systems required for large densely populated cities (Schneider 2019). Cement 
production does have drawbacks. Maintaining high kiln temperatures requires the 
burning of fossil fuels, which has resulted in the cement industry becoming a major 
contributor to global greenhouse gas emissions (Ali, Saidur & Hossain 2011). 
Ceramics have been used by humans since approximately 24000BC, with earthenware 
being the first man-made ceramic product (Surendranathan 2015). Pampuch (2014) 
describes ceramics as any material that is neither a metal nor polymer. However, most 
ceramics are compounds of non-metals and metals or metalloids as carbides, nitrides, 
or oxides (Carter & Norton 2007). In common terms, ceramics are inorganic non-
metallic manufactured goods that are exposed to high temperatures during 
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manufacture (Surendranathan 2015). Clay bricks and tiles, common ceramic products 
used within the construction industry, are traditional ceramics with their raw material 
being natural clays, rich in silica dioxide (SiO2) and aluminium oxide (Al2O3) (Carter 
& Norton 2007).  
Large quantities of WCM are produced through demolition for redevelopment and 
ceramic manufacturing by-products, leading to significant environmental impacts and 
increased landfill requirements (Siddique et al.  2019). Gutovic, Klimesch & Ray 
(2005) found that approximately 50% of Construction and Demolition Waste (CDW) 
in Australia was reclaimed, principally used for low-value applications such as 
drainage aggregate and sub-base material. Australia experienced a 24% increase in 
CDW being landfilled between the 2016-17 financial year and the following year, with 
close to 2.6 million tonnes being dumped in Queensland alone (Department of 
Environment and Science 2018).   
WCM is generally incorporated in mortar and concrete mixes as a partial replacement 
for cement and full or partial replacement of fine aggregate. Studies of WCM use in 
cement and cement-based products have delivered mixed results in compression 
strength tests, most likely due to the extremely broad definition of ceramics and the 
large variability in their chemical composition and mechanical characteristics. 
Durability studies indicate that performance against chemical attack and fire-
resistance improves with the inclusion of WCM, with Mohammadhosseini et al. (2019) 
observing significant chloride and sulphate resistance increases. 
Brick-mortar bond strength is critical to the structural integrity of masonry walls, 
providing resistance to flexural and lateral loads (Singh & Munjal 2017). Failure in 
bond is significantly more common than that of compression (Resketi & Toufigh 
2019). Bond strength uses both mechanical and chemical mechanisms to achieve 
adhesion (Gourav & Reddy 2018). Bond test can be sorted into three classes: tensile, 
flexural and shear. In all these testing methods, the failure originates from one side of 
the brick-mortar interface, indicating a flexural component to all shear tests (Richart & 
Beyer 2018). Standards Australia (2018) outline that a flexural bond wrench test 
should be used as per Appendix D – A3700:2018. 
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1.2 Problem Statement 
The manufacturing of cement consumes considerable quantities of energy and is 
thought to be responsible for approximately 7% of global carbon dioxide emissions (Ali, 
Saidur & Hossain 2011). Climate change and global warming have highlighted the 
need investigate and embrace sustainable building materials and practices. Significant 
quantities of non-renewable natural resources are utilised within the civil construction 
industry with cement production increasing by over 100% since the turn of the century 
(Alsop 2019).  
CO2 emissions could be reduced by decreasing the global dependence on clinker by 
using recycled waste cement blends (Ali, Saidur & Hossain 2011). Further 
investigations into green alternatives or partial recycled material incorporations are 
needed to enable an industry shift towards renewable materials. Partial replacement of 
cement with a supplementary cementitious material has been identified as a method 
for reducing the carbon emissions associated with cement production while providing 
a use for wastes and by-products destined for landfill. The incorporation of waste 
ceramic material as a supplementary cementitious material could reduce the volume of 
construction waste entering landfill, reduce the global clinker production growth while 
providing ceramic industries with secondary revenue streams.  
 
1.3 Project Aims 
The primary aim of this research project is to investigate the effect of partial cement 
replacement with waste ceramic powder on the bond strength acting at the brick-
mortar interface and expand the current knowledge on WCP incorporated 
cementitious construction materials; additionally, to identify an appropriate 
replacement percentage that could provide an environmentally friendly alternative for 
brick-mortar construction with insignificant losses in strength properties.  
A literature review revealed a substantial volume of studies previously conducted 
incorporating WCM in mortar and concrete mixtures. The studies generally investigate 
the full or partial replacement of fine aggregates or the partial replacement of cement. 
Much of this research has concentrated on changes in compressive strength and 
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chemical resistance. Large discrepancies observed between the results of these studies 
have led to a lack of consensus on the effects of WCP incorporation. The literature 
review identified a gap in knowledge with regards to how the bond strength between 
bricks and mortar is impacted by the incorporation of WCP. 
 
1.4 Project Objectives 
The project will attempt to establish if a statistically significant change in bond strength 
is observed with 0-40% cement replacement percentages, while investigating if any 
trends in bond strength development exist between 7-day, 28-day and 60-day curing 
periods. Inspection of the brick-mortar interfaces of test samples and examination of 
the failure classification will be used to establish if a correlation is evident between the 
bond strength and failure type.  
The primary objectives of this study are to: 
1. Investigate available research relating to the bond strength properties of 
mortar and the use of waste ceramics in eco-friendly mortars and 
concretes. 
 
2. Produce waste ceramic powder from two independent sources. 
 
3. Prepare test specimens and conduct a bond wrench test as described in 
AS3700:2018 at curing durations of 7-day, 28-day and 60-day periods. 
 
4. Conduct brick-mortar interface and failure type inspections on prepared 
samples. 
 
5. Examine the chemical composition of the WCP using X-Ray Fluorescence 
analysis (XRF) to enable the test results to be related to existing studies 
with similar WCP chemical compositions focused on other mechanical 
properties.  
 
A total of nine mortars will be mixed with the incorporation of WCP from two sources 
being investigated. WCP will substitute cement by weight at rates of 10%, 20%, 30% 
and 40%, with a 0% reference mix for control. The results will be analysed using two-
sample t-tests to establish if a significant difference in strengths exists. Failure type 
classification will be analysed to determine if a reduction in bond strength is significant 
enough to be evident in the failure mode distribution.  
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1.5 Expected Outcomes 
This study is expected to demonstrate that the incorporation of WCP as a partial 
cement replacement has an impact on the measured brick-mortar bond strength. This 
is based on previous pozzolanic material cement replacement studies that indicated a 
general decreasing trend with the increase in cement replacement percentage. A 
statistically significant reduction in shear bond strength is expected at higher WCP 
percentages (30-40%). Lower WCP percentages (10-20%) are expected to show 
decreasing trends that are not statistically significant at the 95% confidence interval, 
with the anticipated sample size. Similar decreasing trends with increased WCP 
percentages are expected when comparing 7-day, 28-day and 60-day curing periods. 
Greater divergence from the reference samples is expected at the 7-day curing period 
due to consistent study results showing delayed strength gains with incorporation of 
WCP. A correlation between the distribution of brick-mortar failure types and higher 
WCP percentages is expected, with less brick and combination failures presumed to 
occur with reductions in bond strength.   
 
1.6 Research Significance and Consequences 
This research will be significant as the bond strength of mortars with partial 
substitution of cement with WCP has not been previously fully investigated and may 
potentially expand the current understanding on WCP incorporated mortars. This may 
contribute to the introduction of WCP blended cements becoming commercially 
available and industry accepted, reducing the global dependence on clinker production. 
This transition towards eco-friendly mortars could result in the reduction of damaging 
environmental impacts by both the construction and ceramic manufacturing 
industries. With the consistent increases in chemical resistance present in the available 
literature, a major consequence of this research could be the development of chloride 
and sulphate resistant mortars targeted directly towards applications in coastal 
localities. The current recommendation for mortar used in close proximity to the coast 
is a M4 class mortar, which can contain up to one third cement by volume. A reduction 
in cement requirements and an improvement in durability characteristics could lead to 
the industry acceptance of WCM as a supplementary cementitious material, primarily 
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focused on sea spray applications. This study may possibly contribute to the 
development of concrete repair products in the form of renders and cement-based 
protective coatings. These coatings may enable the repair and prevention of bridge 
pylon damage from chloride and sulphate attack. 
 
1.7 Structure of the Dissertation 
The structure of this dissertation is organised in the following format: 
Chapter 1:  This chapter provides an introduction to the project, background 
information and the project objectives  
Chapter 2:  This chapter provides a review of the currently available literature 
focusing on bond strength and ceramic incorporated mortars. 
Chapter 3: This chapter outlines the materials and methodologies used for the 
experimental program. 
Chapter 4: This chapter describes the experimental program, preliminary trials 
and experimental processes. 
Chapter 5: This chapter outlines and discusses the results of the experimental 
program. 
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Chapter 2 Literature Review 
 
This chapter aims to provide background information, through a review of the 
available literature, on the core elements associated with this study. This literature 
review identifies the knowledge gap related to the bond strength of WCP incorporated 
mortars to be explored experimentally by the project. 
 
2.1 Cement 
Cement, the principal binding agent used in concrete and mortar, is the most widely 
used manufactured construction material globally and has played a pivotal role in the 
development of our modern societies (Alsop 2019). It can be defined as a material with 
cohesive and adhesive properties enabling the bonding of fragmented materials into a 
compact unit (Neville 2011). Portland cement, commonly referred to as Ordinary 
Portland Cement (OPC), was developed in the 19th century and owes its name to its 
resemblance to the local stone in Portland Bill, Dorset, UK (Alsop 2019). Global 
consumption of OPC has increased significantly in recent years, from 1.5 billion tonnes 
in 2000 to 4.056 billion tonnes in 2015 (Alsop 2019). OPC production requires 
approximately 110KWh of electricity (Alsop 2019) and produces approximately one 
tonne of carbon dioxide emissions per tonne (Neville 2011). Different cements can be 
manufactured simply by proportioning the raw materials entering the plant, resulting 
in the actual chemical composition of cements ranging significantly (Neville 2011). 
Silica, lime, iron oxide and aluminium oxide are the main raw materials used in the 
manufacturing of OPC (Neville 2011). These raw materials are heated in a kiln system 
to dissociate the calcium carbonate from the lime via its conversion to calcium oxide 
during thermal decomposition (Alsop 2019). By increasing kiln temperature up to 
1450°C, the lime reacts with the other raw materials to form calcium aluminates and 
silicates that fuse to form clinker (Alsop 2019). This clinker is incorporated with a small 
percentage of gypsum and is finely ground to produce cement (Alsop 2019). 
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When water is mixed with cement to form a Cement Paste (CP), the water molecules 
form chemical bonds with the major chemical compounds in cement, forming hydrates 
in a chemical reaction called hydration (Kurdowski 2014). Hardening occurs due to 
the exothermic hydration reactions generating various substances, including sub-
micron crystals and colloidal gels (Alsop 2019). These crystals can be observed under 
a scanning electron microscope to reveal an interlocking microstructure comprised of 
needles, plates and fibres (Alsop 2019).  
Neville (2011) highlights that a cement’s chemical composition can impact the early 
stages of hydration, due to each of the compounds reacting at different rates. 
Kurdowski (2014) described the need for clean water to be used in making the CP, as 
excessive chlorides and organic material could cause secondary reactions, potentially 
preventing strength development. Cement particle size has a significant effect on heat 
generation and hydration rates, both increasing with a decrease in cement particle size, 
indicating a correlation between the surface area of cement particles and early 
hydration rates (Neville 2011). Neville (2011) outlined how unreacted cement 
behaved like a filler, bonding tightly to the hydrates, with no negative effects on the 
mechanical properties.  
Australian cements can generally be classed as either OPC or blended cements 
(Standards Australia 2010). The two primary cements used in Australia are General 
Purpose Portland Cement (GP) and General Purpose Blended Cements (GB) (C&CAA 
2002). GP cements may contain mineral additions of up to 7.5% and is generally 
specified when special properties, such as limited shrinkage or high early strength, are 
not required (Standards Australia 2010).  GB cements, contain varying blends of OPC, 
slag, fly ash and silica, can be used in most GP relevant applications which can allow 
for slight reductions in minimum strengths (Standards Australia). Blended cement 
chemical compositions may be modified to increase a particular property, such as 
increased resistance to surface cracking, or increase/decrease the rate of hydration 
(C&CCAA 2002). 
Pozzolans are siliceous based materials which, when ground finely, chemically react 
with calcium hydroxide in the presence of water to produce compounds with 
cementitious properties (Neville 2011). Blending pozzolans and cementitious 
materials with OPC can significantly affect the rate and degree of hydration and the 
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electrochemical characteristics of the cement throughout hydration (Zhang et al. 
2019). All cementitious materials need a particle size distribution comparative to OPC 
or finer to optimize pozzolanic reactivity (Neville 2011). 
Samadi et al. (2020) investigated the cost effectiveness of WCP mortars, assessing 
differences in the required energy consumption, greenhouse gas production and total 
cost per tonne. This study showed that the manufacturing of WCP required less than 
a quarter of the energy used for OPC production, requiring only 1.12GJ/tonne 
compared to the 5.13GJ/tonne for OPC. The total cost per tonne was less than one 
third that of OPC, with greenhouses gas production being less than one twentieth 
produced by OPC. 
 
2.2 Mortar  
Australian Standards (2018) defines mortar as cementitious mixture of water, fine 
aggregate and cementitious material. Most mortars used in Australia are a 
combination of GP or Masonry cement, lime, sand and water (Cement Australia 2019). 
Mortar mechanical strength is governed by the cohesion of the CP and its ability to 
bond to the aggregate, as well as the mechanical properties of the aggregate itself 
(Neville 2011).    
The use of mortars in building construction can be traced back to between 5000-3400 
BC, where the Egyptians used primitive mortars for binding stone blocks together and 
applying to walls in a plaster-type application (Kurdowski 2014). Since then, most 
major civilisations have used some type of mortar-based construction method due to 
its relative simplicity (Kurdowski 2014).    
Australian Standards (2018) outline the four deemed-to-conform mortar 
compositions and appropriate mixture proportions, shown in Table 2.1. Each mortar 
class has a specific purpose relating to compressive strength and durability 
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Table 2.1   Mortar classes and mix proportions (Standards Australia 2018). 
 
 
Mortars need to be of adequate workability to permit total surface contact between the 
mortar and the applied course while permitting proper placement of the unit 
(Standards Australia 2018). Workability is the behaviour of a mortar while being 
applied, worked and finished (Jiménez et al. 2013). Insufficient cementitious material 
within the mortar mix results in poor workability, while excess cementitious material 
will result in a mix that is tacky and challenging to finish (ed. Pielert 2006). 
Superplasticiser increases the workability of mortar or concrete at a given 
water/cement ratio with a dispersing action (Neville 2019). AS3700-2018 limits the 
use of admixtures conforming to AS1478.1 (standards Australia 2018). 
Water quality used in mortars should be fit for consumption and free from impurities 
that have negative effects on concrete performance (Standards Australia 2018). 
Suspended solids, organic matter and dissolved salts can be harmful to mortars by 
retarding or accelerating setting times, reducing strengths and interfering with the 
cement-aggregate bond (C&CAA 2002).  
Research into eco-friendly mortars has become a well-established field, with studies 
primarily focusing on alternative cementitious materials and aggregates recycled from 
industry wastes, in order to reduce CO2 emissions and landfill requirements. The list 
of recycled materials being studied is extensive, with waste glass, rubber tyres and 
agricultural waste to name a few. 
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2.3 Waste Ceramics Material as Aggregate Replacement 
Recent studies have revealed significant increases in mechanical properties may be 
possible with the inclusion of WCM as an aggregate replacement in concretes and 
mortars. Jackiewicz-Rek et al. (2015) found that the partial replacement of fine 
aggregate with WCM significantly increased the early compressive and flexural 
strengths by 42% and 50% respectively. The observed increases reduced to 11% and 
12% respectively at a curing time 28 days (Jackiewicz-Rek et al. 2015). Similarly, 
Jiménez et al. (2013) noted increases in compressive and flexural strengths with the 
inclusion of up to 40% WCM. The split tensile, compressive and flexural strength 
improved with the increased percentage of ceramic waste material substituting sand in 
mortar (Siddique et al. 2018). Wong et al. noted that significant decreases in 
mechanical properties were present with the incorporation of brick waste as an 
aggregate, due to lower compressive strength and increased water absorption.  
Jiménez et al. (2013) noted that the bond strength of mortars containing up to 40% 
WCM as a fine aggregate showed insignificant differences from the reference samples. 
Shrinkage percentages also indicated no significant differences between samples 
(Jiménez et al. 2013).  
Jackiewicz-Rek et al. (2015) showed that the introduction of WCM had no significant 
effect on a mortar’s ability to resist freeze-thaw cycles, with all samples showing similar 
compressive strengths as the reference samples. In contrast, a study by Siddique et al. 
(2019) suggested that waste ceramic incorporated mortars have increased resistance 
to freeze/thawing and wetting/drying environments than the control cement/sand 
mortars. WCM incorporated mortars displayed increased resistance to dynamic 
impact testing (Siddique et al. 2018). 
Wong et al. (2018) described the ineffectiveness of using bricks recycled from CDW as 
an aggregate replacement due to the relatively low compressive strength of the bricks 
proving to reduce the compressive strength significantly while increasing the moisture 
absorption of the mortar.   
Jackiewicz-Rek et al. (2015) noted that the cement hydration process was not 
interfered with by the addition of ceramic particles. Furthermore, Jackiewicz-Rek et al. 
(2015) suggested that the bond-zone between the recycled ceramic aggregate and 
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cement paste is less porous and more compact than that witnessed with natural 
aggregates, indicating a potential for enhanced resistance against reactive agents. 
 
2.4 Waste Ceramics Powder as Cement Replacement  
Investigations into the replacement of OPC with WCP has delivered very mixed 
compressive strength results. A recent study by Li et al. (2019) found that the 
replacement rate of 20% of OPC with WCP from the polishing of ceramic tiles increased 
the 28-day strength of the samples by 85%. Li et al. (2019) also suggested that the 20% 
replacement rate would reduce the required PC amount by 33% to maintain an 
equivalent compressive strength. Using WCP from recycled red bricks, Kulovaná et al. 
(2016) found that replacement rates of up to 20% resulted in insignificant differences 
in compressive strength at 28 day and 90 day curing times, while 40% and 60% 
replacement rates resulted in approximately 25% and 50% reductions respectively. In 
contrast to these results, Kannan et al. (2017) observed small decrease in compressive 
strength when substituting cement with waste ceramic powder. This disparity could 
be partially due to the significant variation in the chemical compositions and fired 
temperatures of different ceramic wastes. Irregularity in water/cement ratio between 
the studies may be contributing to the inconsistent results. Studies that did not 
consider the WCP as cement in the water/cement calculations tended to result in 
improved mechanical properties. Li et al. (2019) suggested the variability in results 
could be due to the relationship between average WCP particle size and pozzolanic 
reactivity. Wong et al. (2018) also noted the relationship between the fineness of the 
WCP and the performance of the mortar, likely due to increased pozzolanic reactivity. 
Mortars incorporating WCM cure marginally slower than traditional cement and sand 
mortars, which leads to lower 7-day compressive strengths, although gains in strength 
continue after 28 days (Mohammadhosseini et al. 2019). Kulovaná et al. (2016) noted 
that the results indicated that all samples containing WCP, excluding the 60% 
replacement rate samples, continued to grow in compressive strength during the 360-
day curing period. Neville (2011) stated that the early stages of hydration are 
dependent on the chemical composition of the cement, with different compounds 
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hydrating at different rates. This would explain the trend present in most studies 
indicating slower mechanical strength development with the inclusion of WCP. 
WCP incorporated concretes and mortars have performed well in durability tests. 
Mohammadhosseini et al. (2019) observed significant increases in chloride and 
sulphate attack resistance with the inclusion of WCP. Mohit & Sharifi (2019) observed 
increased compressive and flexural strengths following exposure to elevated 
temperatures above 400°C with the incorporation of WCP in the concrete. 
WCP can behave as both a filler and a binder demonstrating pozzolanic reactivity 
through a Frattini test (Kannan et al. 2017). Lasseuguettee et al. (2019) determined 
that WCP from white glazed ceramic tiles displayed a greater extent of pozzolanic 
reactivity when compared to un-glazed red tiles. Matias et al. (2014) revealed that 
ceramic waste material from products fired between 900-1100 °C displayed greater 
capacity for pozzolanic reactivity. 
Li et al. (2019) noted that by adding WCP to the mortar, an increase in cohesiveness 
and stability was evident, with the need for a superplasticiser to be used to maintain 
adequate workability. Although there is evidence for increased compressive strength 
with the incorporation of WCM, no such correlation has been observed between 
compressive strength and brick-mortar bond strength (Resketi & Toufigh 2019).  
 
2.5 Bond strength  
The mortar-brick bond strength is critical in a masonry wall’s ability to resist flexural 
and lateral loadings (Singh & Munjal 2017). Resketi & Toufigh (2019) describe how 
bond strength is a mortar’s most important property in masonry construction, far 
exceeding that of compression in most scenarios. This is evident in brick-veneer 
homes, where the masonry walls are not providing loadbearing support to structure.  
Sarangapani, Reddy & Jagadish (2005) noted that a strong brick-mortar bond was 
vital factor in facilitating high compressive strength in masonry prisms. While high 
bond strength does contribute to the prism’s compressive resistance, the compressive 
strength provides no indication of a mortar’s bond strength (Sarangapani, Reddy & 
Jagadish 2005).  
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A study by Lawerence & Cao (1988) showed that brick condition played a major role 
in the development of bond strength, suggesting that dry bricks with 6-8% moisture 
content provided greater suction, improving CP penetration into the bricks surface to 
provide a mechanical bond. This promotes the formation of finer hydrates and less 
porosity at the mortar-brick interface, increasing the developed bond strength 
(Lawerence & Cao 1988). In contrast to these findings, Maheri, Motielahi & 
Najafgholipour (2011) and Sahu et al. (2019) concluded that pre-soaking bricks for 
partial saturation significantly increased bond strength. The inconsistency in findings 
indicates the brick material and surface characteristics potentially impact the optimum 
brick moisture percentage. The water/cement ratio would be a critical factor as dry 
bricks would extract excessive moisture from a low water/cement ratio mixture 
compared to partially saturated bricks, potentially limiting hydration, resulting in 
reduced bond strength. 
Bond strength is not purely mechanical in nature with Gourav & Reddy (2018) 
showing that higher bond strength can be achieved through chemical reaction, by 
using masonry units manufactured from reactive material. In studies by Sarangapani, 
Reddy & Jagadish (2005) and Reddy, Lal & Rao (2007), results indicated that 
specialised brick surface treatments and epoxy coatings provided significantly greater 
increases in bond strength than variations in mortar mixtures. However, low cement 
content mortars can decrease in bond strength over time due to water penetrating the 
brick and mortar joint (Sarhosis, Garrity & Sheng 2015).  
The initial rate of absorption (IRA), otherwise known as brick suction, refers to a brick’s 
rate of moisture absorption expressed in kg/m2/min (Schmid 2013). Raimondo et al. 
(2009) showed that IRA plays a significant role in the bond strength at the brick-
mortar interface. High IRA results in rapid drying of the mortar, weakening the 
measured bond strength (Raimondo et al. 2009). Christy, Shanthi & Tensing (2012) 
highlighted the importance of matching the IRA of the bricks to the W/C of the mortar 
to ensure sufficient moisture remains for continued hydration of the cement particles 
and development of compressive strength. 
Textured surfaces and the addition of frogs and cores in brick design, seen in Figure 
2.1, improves the bond strength, by increasing bonding surface area and reducing the 
shear force carried by the brick-mortar bond through shear transfer to the penetrating 
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mortar (Singh & Munjal 2017). Mortar penetration will display an increase in 
measured shear force that cannot be directly attributed to bond strength alone. While 
frogged bricks can be used for flexural or direct tension bond strength tests, textured 
and cored bricks should be avoided for any mortar comparative bond strength tests 
due to inconsistencies in mortar penetration and total contacted surface area. 
 
 
Figure 2.1   Plain, cored and frogged bricks (Noor-E-Khuda & Albermani 2019). 
 
Bond strength tests, in most cases, can be sorted into three groups: shear, tensile and 
flexural, seen in Figure 2.2. Shear tests indicate the bond’s resistance to a lateral force 
applied in-plane with the brick mortar interface. Flexural tests indicate the bond’s 
resistance to a force providing a moment at an edge of the brick-mortar interface, while 
a tensile test indicates the adhesive properties of the bond. Zhang, Richart & Beyer 
(2018) stated that all shear tests have some flexural component present during testing, 
indicated by failure propagating from a single side.  
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Sarangapani, Reddy & Jagadish (2005) describe how flexural bond test failures could 
be classified into three different types: 
 
Type I: Bond mechanism failure at the brick-mortar interface 
Type II: Flexural failure of the brick leaving an intact brick-mortar 
interface 
Type III: Combinations of Type I and Type II  
 
Sarangapani, Reddy & Jagadish (2005) concluded greater frequency of brick failure 
occurred with the increase in bond strength. This indicates that the bond strength 
measured for Type II could potentially be less than the actual bond strength. 
Reasonable frequencies of Type II & III failures would indicate adequate bond strength, 
sufficient for use with that particular brick. Skews in the distribution towards the Type 




This chapter outlined the current available knowledge relating to waste ceramic 
material incorporated mortars, along with the main factors affecting bond strength. 
This literature review highlighted the gap in currently available knowledge pertaining 
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Chapter 3 Methodology 
 
This chapter illustrates the materials and methodologies to be used within the 
experimental component of the project. The experiment design will be outlined along 
with the materials used in the construction of masonry couplet test specimens. The 
procedure for manufacturing the WCP from the raw collected WCM will be defined 
and the flexural bond test method outlined. 
 
3.1 Experiment Design 
The experiment phase of the project consisted of a mortar-brick bond strength test. 
The bond-wrench method outlined in AS3700:2018 was followed to ensure 
compliance to Australian standards and conducted at 7-day, 28-day and 60-day curing 
durations. Six samples of each mortar for each curing duration was constructed as 
specified in AS3700:2018. Masonry couplets were used to simplify test jigging 
requirements and prevent unintentional damage to the bond interface which can occur 
during the testing of masonry triplets. WCP from two sources at cement replacement 
rates of 10%, 20%, 30% and 40% by mass was used in the construction of the test 
specimens. Reference specimens with 0% WCP were constructed for a control, 
resulting in nine design mortars in total. 
 
 Mortar Classes 
The M3 mortar class was chosen for this study due to its common use in general 
purpose indoor and outdoor applications and resistance to wetting/drying cycles 
(Australian Standards 2018). The M3 1:0:5 cement:lime:sand mixture proportions by 
volume was used, as described in Table 2.1. The omittance of lime from the mix ratio 
reduced the complexity of the mixture proportioning, while enabling clearer 
interpretation of the results. Plasticiser was added proportionally to the weight of 
cementitious material, as recommended by the manufacturer, enabling satisfactory 
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workability for easy placement and finishing. WCP replaced cement by mass in the 
ratios outlined in Table 3.1. The mortar class naming system outlines the WCM source, 
tile or brick, and the percentage replace value.  
 




 Masonry Units 
Claypave Regency brick pavers were chosen for this study as they fit the common brick 
form factor of 230 mm by 115 mm while being absent of any frogs or cores. Cored or 
frogged bricks would provide inconsistencies in bedding surface areas and the 
contribution to bond strength due to mortar penetration would be difficult to assess.  
 
 
Figure 3.1   Claypave Regency pavers. 
 
Mortar Class M0 T/B10 T/B20 T/B30 T/B40
Cement/WCP (% by Weight) 100/0 90/10 80/20 70/30 60/40
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An entire pallet of pavers, 560 in total, was purchased to prevent the pavers coming 
from mixed lots and enable the exclusion of chipped, cracked or otherwise non-
conforming pavers from the experiment. The pavers were brushed off to remove excess 
sand and debris before being stacked in an indoor garage for four weeks prior to 
specimen construction, to allow for brick moisture percentage to normalise throughout 
the pack.  
 
 
Figure 3.2   Pallet of pavers with 560 pavers in total. 
 
Recycled bricks were not considered for this study due to the time-consuming cleaning 
requirements and inconsistent surface textures between brick types. Since 
investigating the change in bond strength was the primary objective of the study, no 
brick moisture conditioning was conducted prior to masonry couplet assembly. 
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 Cement 
Bastion GP cement has been used for this study as it complies with AS3972:2010 
General Purpose and Blended Cements, compatible with admixtures that conform to 
AS1478.1: 2000 Chemical Admixtures for Concrete, Mortar and Grout and is readily 
available in 20kg bags at local hardware stores.  
 
Figure 3.3   20 kg bag of Bastion General Purpose Cement. 
 
  Fine Aggregate 
Construction and Synthetic Turf Sand by Easy Mix has been used for this study as it 
has been graded for use in mortars and renders to provide a smooth workable 
consistency (Easy Mix 2019). This sand has been double washed to remove silts and 
clays, followed by kiln drying to kill mould and reduce the water content to <0.1% 
(Easy Mix 2019). Easy Mix Construction and Synthetic Turf Sand is readily available 
in quantity at most local hardware stores.  
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Figure 3.4   20kg bag of Easy Mix Construction and Synthetic Turf Sand. 
 
 Water 
Clean domestic supply tap water was used for this study as it was readily available at 
the mixing location. This would also be the primary source of water on most 
construction sites. Through a preliminary trial experiment focusing on optimising the 
W/C ratio for mortar workability, resistance to high IRA and to reduce the negative 
impact on compressive strength associated with high W/C ratios, a W/C ratio of 0.7 
was determined to provide the best balance and will be used across all mortar classes. 
 
 Plasticiser 
A plasticiser was used for all mortars to increase their workability at lower W/C ratios 
in the absence of lime. Lanko 311 Bricklayers Plasticiser by Davco was used for this 
study as it conforms to 1478.1-2000: Chemical Admixtures for Concrete as required 
by AS3700-2018: Masonry Structures for use in M3 mortars and is readily available 
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at local hardware and landscaping supply stores. Lanko 311 was added to the water at 
the maximum manufacture’s recommended rate of 3 ml/L of water.  
 
Figure 3.5   Lanko 311 Bricklayers Plasticiser by Davco. 
 
 Waste Ceramic Material 
WCM from two different sources was collected from the Riverview Waste and 
Recycling Centre in the form of broken and chipped tiles and red clay bricks. Effort was 
made to avoid collecting material that had been previously used as this would have 
required additional effort to remove all attached tile adhesive or mortar. The available 
unused material was significantly greater than required as can be seen in Figure 3.6.  
 
 
Figure 3.6   Riverview waste and recycling centres demolition waste pile. 
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The collected WCM was pressure washed to remove excess dirt prior to being stored 
in an indoor garage. The WCP produced from the tiles shown in Figure 3.7 was referred 
to as WCP1 and used for mortars T10-T40, with the brick produced WCP referred to 
as WCP2 and used for mortars B10-B40.  
 
 
Figure 3.7   Two selected sources of waste ceramic material; ceramic tile (left) and clay bricks (right). 
 
3.3 Waste Ceramic Powder Preparation 
 Grinding Apparatus 
To reduce the collected WCM to WCP, a grinding apparatus was designed and 
constructed. The design was modelled using Autodesk Inventor Professional 2020 3D 
modelling and simulation software. The dimensions for the grinding apparatus were 
bases around the available surplus K110 tool steel. The grinding apparatus consists of 
a machined bowl, two crushing rings and a lid. The apparatus was initially planned to 
be operated within a CNC lathe but due to COVID-19 restrictions, modifications were 
required to enable the operation of the grinder in conjunction with a cement mixer as 
seen in Figure 3.8. The models were used to develop 2D drawing to aid in the 
machining of the grinding apparatus. 
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Figure 3.8   Modelled grinding apparatus with cement mixer attachment. 
 
The tool steel components were rough machined on an Okuma-LB400-M Space-Turn 
CNC lathe. A finishing allowance of 0.5 mm was left on all surfaces. The machined 
components received a heat treatment process to through-harden and temper the 
material to 60-62 HRC.  
 
 
Figure 3.9   Finish machine operation of grinder lid in CNC Lathe. 
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The small ring was used to crush 20 mm to 30 mm pieces of ceramic material to a 
combination mixture of powder and small pieces. The large ring provided a greater 
crush zone which was required for faster reducing, though this did limit the capacity of 
the bowl. When in operation, the mixer is place in the 90° spill position and the barrel 
was rotated at approximately 60 RPM. The WCM material was crushed between the 
wall of the bowl and the ring as the apparatus is rotated.  
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 WCP Production 
The WCP grinding process was divided in to four steps: roughing, reducing, finishing, 
and drying. 
Roughing 
The roughing process aims at breaking down the raw collected WCM to suitable sized 
pieces to be processed in the grinding apparatus. The WCM was placed on top of a 
hardened tool-steel roller inside a metal bucket. The material was then struck 
repeatedly with a hardened tool-steel hand hammer until the raw material was reduced 
to roughly 20 mm square pieces. 
 
 
Figure 3.11   Hardened tool-steel hand hammer. 
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This technique was very efficient, reducing a full-size brick in approximately 5 minutes. 
The roughed material was then passed through a 2000μm kitchen sieve. The retained 
material proceeded to the reducing process, while the passed material was transferred 
to a plastic container to await finish grinding. 
 
 
Figure 3.12   Waste brick material after roughing process. 
 
Reducing 
The reducing process aims at decreasing the WCM particle size to less than 2000μm 
for the finishing process. The small crushing ring is loaded into the bowl and the 
roughed material is loaded to fill approximately 50% of the available volume, as seen 
in Figure 3.13.  
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Figure 3.13   Loaded bowl prior to reducing process. 
 
The hardened lid is placed on top and the M24 nut lightly tightened in place. The mixer 
barrel is placed in the 90° position and spun for approximately 10 minutes. Various 
mixer positions and load volumes were trailed with this position and load quantity 
producing the most repeatable result. Once completed, the bowl was rotated back to 
upright position. The nut and cap were then removed.  
 
 
Figure 3.14   Loaded bowl post reducing process. 
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The ring was transferred to a stainless-steel bowl and brushed down with a paintbrush 
to remove any accumulated WCP. The contents of the bowl were then removed with a 
teaspoon until sufficient material had been removed to position the bowl at a 45-degree 
angle. The remaining material was then removed with a paintbrush. The removed 
material was then passed through a 2000 μm kitchen sieve.  
Material captured by the sieve was reloaded into the grinder for another reducing 
process. Material that passed the 2000 μm sieve was then passed through a #120 (125 
μm) mesh test sieve. The retained material was placed into a container for grinding. 
Material that passed the #120 mesh test sieve was the desired particle size for 
pozzolanic activity. 
       
 
Figure 3.15   Reduced material being passed through a 2000μm sieve. 
 
Grinding 
The grinding process, which used the large grinding ring, operated in the same way as 
the reducing process with the aim of reducing the WCM particle size to below 125 μm. 
The void was filled ~50% with material that had passed the 2000μm sieve. The bowl 
was then rotated in the 90-degree position for ~20 minutes. 
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Figure 3.16   Loaded bowl with large ring for finishing process. 
   
The material removal process was the same as that conducted during the reducing 
process. The material was then passed through the #120 mesh test sieve. Trials were 
conducted with longer and shorter durations, though little difference was seen in the 
quantity retained on the test sieve after a 40-minute duration. The finished material 




Figure 3.17   Finished ground WCP after passing the #120 mesh test sieve 
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Drying 
The WCP placed in a large Pyrex oven dish and heated in a domestic oven at 100°C for 
6 hours to remove any excess moisture. Once cooled, the WCP was placed into labelled 
air-tight plastic containers to prevent moisture absorption. The weight measurements 




Figure 3.18   WCP post drying process. 
  
3.4 Material Testing 
 Particle Size Distribution 
The exact particle size distribution will remain unknown for this study due to financial 
constraints and difficulties in sourcing willing service providers. It was identified in the 
literature review that the particle size plays a large role in pozzolanic re-activation. By 
passing the finished material through a #120 mesh or 125 micro test sieves, the WCP 
would be below the upper bound of 200 microns usually targeted by cement 
manufacturers (Neville 2011). 
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 Chemical Composition 
Chemical composition analysis was conducted by RMIT for both the WCPs and the 
purchased cement through X-Ray Fluorescence (XRF). XRF spectrometry excites a 
sample by discharging X-rays and measuring the fluorescent X-rays emitted from the 
sample (Margui & Van Grieken 2013). Each element emits a unique set of X-rays, 
enabling the chemical composition of the samples to be determined (Margui & Van 
Grieken 2013). The XRF analysis was conducted to enable the estimation of the 
chemical composition of the combined cementitious materials for each mortar, 
facilitating comparisons between the two sources of WCM. The analysis also enabled 
comparison to previous studies with similar chemical compositions, potentially 
enabling conclusions to be drawn on likely mechanical properties not assessed in this 
project.  
 Dry Density 
Dry density tests were conducted on the produced WCP, sand and cement. A container 
of known volume and a set of kitchen scales was used to determine the dry densities. 
Mortar mix proportions were then designed with the calculated densities. This 
provided greater consistency in mixing the target mortar compositions by enabling the 
mortar components to be measured out by weight and not volume. 
 
Table 3.2   Calculated material dry densities. 
 
 
Material Material + Cup (g) Material (g) Dry Density (kg/m3)
Sand 1716 1609 1.61
Cement 1469 1362 1.36
WCP1 1147 1040 1.04
WCP2 1091 984 0.98
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3.5 Flexural Bond Strength Test 
A flexural bond strength test was conducted using the bond wrench method outlined 
by Appendix D in AS3700:2018. The bond wrench test was chosen for this study due 
to: 
 being recommended and clearly defined by Standards Australia 
 simple sample preparation 
 uncomplicated test execution requiring no expensive specialised equipment or 
lab access 
 
The sample specimens (masonry couplets) consist of only two courses, to simplify the 
sample holding method by removing the need for additional stability apparatus. 
A bond wrench was designed and manufactured to comply with to the specifications 
shown in Figure 3.19. The bond wrench was designed to produce a maximum flexural 
bond load of 0.6 MPa on the brick-bond interface of a standard sized brick with the aid 
of a suspended 20 litre bucket filled with sand. 0.6MPa was chosen as the maximum 
bond strength as similar studies on solid bricks with no cores or frogs showed 
maximum bonds strengths of between 0.4MPa and 0.5MPa.  
 
Figure 3.19   Bond wrench dimension and parameter diagram (Standards Australia 2018). 
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The bond wrench was fabricated using 25x2.5mm mild steel square hollow section for 
the frame and 32x16mm mild steel flat bar for the gripping blocks. An eyelet was 
welded to the loading end of the bond wrench to facilitate the addition of a chain and 
shackle clip, enabling the removal of the sand filled bucket upon specimen failure. 
 
 
Figure 3.20  Manufactured bond wrench. 
 
Prior to conducting the flexural bond wrench testing, the bond wrench required 
calibration as outlined in AS3700:2018. This calibration involved measuring the mass 
of the bond wrench (m1), the distance between the inside face of the tension gripping 
blocks and the centre of gravity of the bond wrench (d1), and the distance between the 
inside face of the tension gripping block and the applied load location (d2). 
 
Table 3.3   Bond wrench calibration results. 
 
 
A vice stand was designed and constructed to enable testing to be conducted in an open 
area of the workshop, removed from walkway foot traffic. Additional weight was 
applied to the base of the frame to counterbalance the moment applied during the bond 
Parameter Result Unit
m 1 4.573 Kg
d 1 277 mm
d 2 780 mm
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wrench testing. The use of a K-type machine vice provided additional mass (57 kg) to 
the frame while increasing the grip length and decreasing the jaw flex when compared 
to a bench vice. Adjustable feet were added to the base of the frame to facilitate the 
leveling of the test vice and remove any unwanted dynamic motion.   
 
 
Figure 3.21   Bond wrench and frame setup. 
 
 Bond Strength Calculations 
The equation for calculating flexural bond strength outlined by standards Australia 
(2018) in AS3700:2018 is given as: 






                                                        (3.1) 
Where:  
Ad = area of the bedded interface 
Fsp = total force in compression on bedded area 
 Msp = bending moment at failure about the centroid of the bedded area 
 Zd = section modulus of Ad 
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Equation 3.2 shows the manipulation of the equations supplied in AS3700:2018 into 
a single equation incorporating the bond wrench calibration results. 
 









𝑔(4.573+𝑚 + 𝑚 )
230𝑡
           (3.2) 
Where: 
fb = flexural strength perpendicular to the bedded surface (MPa) 
tu = width of the brick (mm) 
m2 = mass of the container and sand (kg) 
m3 =mass of the top brick and attached mortar (kg) 
 
3.6 Data Analysis 
All bond strength calculations and subsequent data analysis were conducted in 
Microsoft Excel. Plots for the bond wrench test results were generated comparing 
strength vs WCP percentage rates at 7-day, 28-day and 60-day curing periods. Line of 
best fit, line equation and coefficient of determination were generated using the 
Microsoft Excel. Plots comparing bond development between the 7-day, 28-day and 
60-day curing durations were plotted for visual comparison. Two-tailed two-sample t-
tests assuming unequal variances were conducted to compare the bond strength of 
each WCP mortar to the reference mortar and between each curing duration, indicating 
whether the measured differences were statistically significant to a 95% confidence 
level. The study results were compared to the maximum un-assessed design flexural 
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Chapter 4 Experimental Program 
 
This chapter outlines the design mortars mixtures and their required quantities used 
within the experimental components of the project. The preliminary trials examining 
the feasibility of the study and potential W/C ratios will be described and the 
experimental procedures for masonry couplet construction and flexural bond wrench 
testing will be outlined. 
 
4.1 Preliminary Trials 
 Concept Trail 
A preliminary concept trial was conducted prior to the main project experiment to 
prevent unforeseen factors impacting the progression of the project. As the bond 
strength of WCP incorporated mortars had not been previously investigated, feasible 
replacement percentage rates were unknown. With consideration for the significant 
investment of time, funds and resources expected to be invested into the experimental 
phase of the project, it was decided that an initial trial was to be conducted using two 
samples of each mortar with replacement percentages of 0% and 50%. A W/C ratio of 
0.45 was used for the test mortars to maintain a high compressive strength as observed 
during the literature review. The M3 1:0:5 mortar class as described in AS3700:2018 
was adopted for this trial with the addition of Lanko 311 Plasticiser at the 
manufacturers minimum recommended rate of 2.5 ml/L of water. The initial trial also 
provided the opportunity to assess and refine the operational procedure of the bond 
wrench test. Cycle times for test specimen construction, bond wrench testing and data 
collection were also assessed to indicate the likely time requirements for each process, 
enabling greater accuracy in producing a feasible project schedule. 
The preliminary concept trial identified multiple issues with the original project plan. 
The workability of the reference M0 mortar was verging on unacceptable with the two 
WCP incorporate mortars being extremely difficult to mix and virtually unworkable. 
Additional water was added to each mixture until a useable workability was achieved. 
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Upon laying a bed of mortar on the bottom brick, all test mortars exhibited signs of 
high IRA. The combination of high IRA and low W/C ratio resulted in the rapid drying 
of the bedded mortar prior to the placement of the top brick.  
This rapid drying resulted in poor adhesion at the top brick-mortar interface. Although 
the WCP incorporated mortars both received greater additional water than the 
reference mortar to gain the desired workability, significant increases in IRA were still 
observed. The first T50 sample indicated no initial bond at the top interface or ability 
to compress the mortar be between the two bricks through manual compression. The 
remaining WCP specimens were constructed with a modified construction procedure 
consisting of buttering both pavers with mortar before joining the two mortar beds.  
The preliminary concept trial did validate the physical form of the constructed bond 
wrench tool and vice jig, along with the bond testing operational procedure. The 
measured bond strengths were in the expected range, consistent with previous bond 
strength studies. The test results indicated that WCP replacement rate did impact the 
bond strength at 7-day curing duration. The WCP sample means were both below the 
maximum assumed bond strength of 0.2 MPa outlined in AS3700:2018. 
 
Table 4.1   Preliminary concept trial bond strength results at 7-Day curing duration. 
 
 
The preliminary concept trial led to the decision to: 
 reduce the maximum WCP replacement percentage rates from 60% to 40% 
 change the couplet construction procedure to include the buttering of both 
surfaces 
 continue with the current bond wrench jig and operational procedure 
 conduct a second preliminary trial focused on matching a W/C ratio to the 
pavers 
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  Water/Cement Ratio Trial 
A second preliminary trial was conducted to better assess the required W/C ratio for 
the selected pavers. C&CAA (2001) outlined the need to match the mortar mixture to 
the selected masonry unit to facilitate adequate bond at both top and bottom interfaces. 
A trial was conducted examining W/C ratios of 0.6, 0.7 and 0.8 using the median 
replacement percentage T20 mortar class. Lanko 311 Plasticiser was used at the 
maximum manufacturer recommended rate of 3ml/L of water. As this trial examined 
the mortars workability and compatibility with the selected paver, only one test 
specimen was constructed from each mortar.  The volume of each mixed mortar 
mixture was 0.7 litres, 3x the required quantity, to minimise the errors associated with 
measuring small quantities on inexpensive digital kitchen scales. The small volume 
was mixed by hand using a bull nose trowel for a duration of 10 minutes in small 
inexpensive plastic buckets to reduce clean-up time between mortar trials. The 
masonry couplet was constructed as per the previously outlined procedure.  
 
 
Figure 4.1   Hand mixed T20 0.8 W/C ratio mortar during preliminary trial 
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The second preliminary trial demonstrated that slight increases in the W/C ratio 
significantly increased the workability of the mixture. The 0.6 W/C ratio mortar was 
still difficult to mix by hand and the paver removed virtually all signs of mortar surface 
moisture withing minutes of the masonry couplets construction. The 0.8 W/C ratio 
mortar was initially still difficult to mix by trowel, though with continued mixing 
became workable with a wet surface appearance. The masonry couplet was constructed 
easily with the mortar being squeezed between the two pavers under manual pressure, 
ensuring a full contact bond. While the 0.7 W/C ratio mortar was still difficult to mix 
by hand, over time the mixture did develop a smooth moist surface. Fast construction 
of the masonry couplet was required to prevent the two buttered surfaces from drying 
prior to being pressed together. 
The second preliminary trial revealed that the 0.7 W/C ratio mortar provided the best 
compromise between workability, resistance to high IRA and expected compressive 
strength. This ratio will be used for all mortar classes to maintain the percentage of 
cement replacement with WCP as the single variable for the project. 
 
4.2 Mortar Mixture Designs 
The experiment design outlined the investigation of nine mortars bond wrench tested 
over 3 curing durations. AS3700:2018 outlines the requirement for a minimum of six 
samples per mortar is to be tested at each curing duration. Due to the use of masonry 
couplets as the chosen test format, two bricks were required per test specimen. A total 
quantity of 162 masonry couplet test specimens and 324 pavers were required, as seen 
in Table 4.2.   
Table 4.2   Specimen and brick quantities. 
 
 
Class Specimen Per Test Duration Periods Specimens required Bricks Required
M 6 3 18 36
T 24 3 72 144
B 24 3 72 144
Total 162 324
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Each mortar required a total of 18 beddings, with Claypave Regency pavers having an 
approximate bedding area of 27x10-3 m2. Using the minimum bed thickness of 10 mm 
described in AS3700:2018, the total required volume of each mortar was calculated. A 
factor of 1.5 was applied to total required volume to account for variations in actual 
mortar densities, inconsistencies in applied bedding thicknesses and wastage.  
 
Table 4.3   Volume requirements for each mortar. 
 
 
The mortar mixture recipes were calculated using the previously calculated dry density 
values for the cement, WCP and sand in Chapter 3. An estimated mortar density of 2.1 
kg/L was used to calculate the mass of mortar required. 
 
𝑀𝑜𝑟𝑡𝑎𝑟 𝑀𝑎𝑠𝑠 (𝑘𝑔) = 7.1 ∗ 2.1 ≈ 15 𝑘𝑔 
 
The experiment design outlines replacement of cement with WCP at varying 
percentages by mass in a M3 mortar with a cement:lime:sand ratio of 1:0:5 by volume. 
A W/C ratio of 0.7 by weight was used in the mixture recipes, with WCP included as a 
cementitious material. The required mass of cement for mortar class M0 was calculated 
using the total mortar mass of 15 kg in the following equations. 
 
𝐶𝑒𝑚𝑒𝑛𝑡 + 𝑠𝑎𝑛𝑑 + 𝑤𝑎𝑡𝑒𝑟 = 𝑀𝑎𝑠𝑠                                             
𝐶𝑒𝑚𝑒𝑛𝑡 + 5 ∗
1.61
1.36








Beddings Total Required Volume (L) Factored Volume (L)
18 4.8 7.1
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The required sand was calculated using the Equation 4.2.  
 




𝑆𝑎𝑛𝑑 (𝑘𝑔) = 5.919 ∗ 𝐶𝑒𝑚𝑒𝑛𝑡                     (4.2) 
 
The mass of WCP for each mortar was then calculated using the mortar class 
percentage replacement value. Table 4.4 outlines the required mortar materials by 
mass for each mortar and the total of each material required.  
 
Table 4.4   Mortar mixture designs and total material requirements. 
 
 
4.3 Mortar Mixing Procedure 
For this project, nine individual mortars were required to be mixed. Throughout the 
mixing process, personal protective equipment including nitrile gloves, safety glasses 
and dust masks were worn to prevent skin, eye and respiratory tract irritation. 15ml of 
Lanko 311 Plasticiser was mixed with 5 litres of clean tap water in a plastic bucket, 




Mortar Class Cement (kg) WCP (kg) Water (L) (0.7 w/c) Sand (kg) Volume (L)
M0 1.97 0.00 1.38 11.65 7.14
T10 1.77 0.20 1.38 11.65 7.14
T20 1.57 0.39 1.38 11.65 7.14
T30 1.38 0.59 1.38 11.65 7.14
T40 1.18 0.79 1.38 11.65 7.14
B10 1.77 0.20 1.38 11.65 7.14
B20 1.57 0.39 1.38 11.65 7.14
B30 1.38 0.59 1.38 11.65 7.14
B40 1.18 0.79 1.38 11.65 7.14
Total 13.8 3.9 12.40 104.9 59.6
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The following procedure was used to mix all mortars: 
1. Thoroughly clean the 20-litre mixing bucket and dry with a clean rag to ensure 
a saturated surface dry condition. 
2. Measure the design mortar proportions of cement, sand, WCP and water into 
separate clean containers. 
3. Combine the sand, cement and WCP into the clean 20 litre mixing bucket and 
lightly mix with a clean hand trowel. 
4. Add the water/plasticiser mixture to the dry materials and fold in with the hand 
trowel. 
5. Mix the mortar with an electric hand mixer for six minutes, occasionally 




Figure 4.2   Mortar mixing procedure. 
 
Between the preparation of each mortar, all mixing utensils and measurement 
containers were cleaned thoroughly with water and dried with clean rags. 
 
4.4 Masonry Couplet Construction 
For each design mortar, six masonry couplets were constructed for each curing 
duration. The preliminary trials outlined the need to move hastily during the 
construction process to ensure the couplets completion before the rapid transfer of 
moisture to the paver prevented bonding of the buttered surfaces. As the construction 
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process had been identified as a significant factor in measured bond strength, the 
following procedure was used to construct all masonry couplets: 
 
1. Collect the 36 pavers required to construct the 18 masonry couplets for a single 
mortar, brushing down all surfaces and inspecting for any significant damage. 
2. Select two pavers and apply mortar to both, smoothing the mortar to 
completely cover the surfaces. 
3. Join the two buttered pavers together, pressing down and tapping with the 
trowel handle until the masonry couplet is square and approximately 110mm 
in height, resulting in an approximately 10mm mortar layer. 
4. Scrape the mortar flush with paver edges, discarding the removed mortar. 
5. Label the masonry couplet with the identification number using Engineer’s 
Chalk. 
 
Figure 4.3   Masonry couplet construction procedure. 
 
Following the construction of the masonry couplets, each test specimen was stored in 
single layers on internal pallet shelving, safe from the weather.   
 
4.5 Bond Test Operation  
The flexural bond wrench testing was carried out in accordance with AS3700:2018. 
The lower brick of the specimen was placed in a vice and secured between two pieces 
of plywood. The bond wrench was then secured to the top brick of the specimen. Thin 
shims were placed between the front jaw and the top brick to level the wrench as 
required.  
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Once the bucket and chain were attached to the end of the bond wrench, dry sand was 
added to the bucket at an even rate of approximately 10kg/min until specimen failure. 
Upon failure, the total mass of the sand and bucket (m2) was measured and recorded, 
along with the mass of the top section of the failed specimen (m3) and the width of the 
top masonry unit (tu). 
 
 
Figure 4.4   Bond wrench loading position. 
 
4.6 Experimental Data Collection 
The experimental data was manually collected on prepared labelled data sheets, 
providing redundant data security, and reducing the potential for damage to expensive 
electronic devices. The collected data was entered into the digital spreadsheets 
manually following each day of testing. In addition to the experimental data required 
for bond strength calculations, data relating to observed failure mode and failure 
surface was collected.  
For the experiment, five failure modes were identified: 
1. Brick-mortar interface failure 
2. Brick failure 
3. Mortar failure 
4. Combination of interface and mortar failure 
5. Combination of brick and mortar failure 
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Before the commencement of testing, bond separation was identified along the edge of 
some specimens. The presence of separation and separation type was recorded before 
bond strength testing was conducted. During the bond wrench testing of the first 
samples, moisture was observed on the failed mortar surface and paver damage 
present at the clamped surface, leading to any evidence of moisture or paver damage 
present being documented for further analysis.  
Images of the sample identification number and failure surfaces were taken and saved 
for further visual inspection. All data files and images were stored in multiple local and 
cloud locations to prevent loss due to data corruption or hardware failure. 
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Chapter 5 Results and Discussion 
 
This chapter outlines and discusses the results of the flexural bond strength tests 
conducted on the masonry couplet specimens. Bond wrench testing was completed on 
162 masonry couplets over three different curing durations. The results of the two-
sample t-test will be used to determine the significance of changes in bond strength 
properties identified in the results.    
 
5.1 Mortar Workability and Moisture 
The W/C ratio for this experiment was decided through a preliminary trial using the 
T20 mortar. In mixing the M0 mortar, significant improvements in workability were 
noticed. After placing the mortar on the pavers, the M0 mortar was easily trowelled 
into position. This workability steadily decreased with an increase in WCP percentage 
replacement. An observable decrease in resistance to brick suction corresponding with 
the increased WCP percentage was also observed. Both mortars incorporating 40% 
WCP appeared dry after mixing and were difficult to apply evenly to the pavers. Within 
ten minutes of completing the masonry couplets construction, the mortar was firm to 
touch. The incorporation of WCP had a perceived impact on the workability of the 
mortar, along with an impact on the mortars’ resistance to brick suction. The lack of 
resistance to brick suction resulted in the rapid loss of moisture experienced by the 
WCP mortars.  
During the bond wrench testing, moisture was present on the mortar surface of some 
specimens. Figure 5.1 shows that the retained moisture was only observed on mortars 
containing 10% or less WCP1 and 20% or less WCP2. Retained moisture was only 
observed at the 7-Day curing duration. The mean strength of samples displaying 
retained moisture displayed no significant difference to a 95% confidence level 
compared to samples displaying no retained moisture 
 




Figure 5.1   Percentage distribution of tested samples displaying evidence of retained moisture. 
 
5.2 Chemical Composition 
The chemical composition of the OPC and WCPs were examined via XRF analysis as 
can be seen in Table 5.1. The major differences between OPC and the WCPs can be 
seen in the significant decreases in Calcium Carbonate (CaO) and significant increases 
in Silica Dioxide (SiO2) and Aluminium Oxide (AL2O3). While broadly similar, the two 
WCPs display major differences in SiO2, AL2O3 and Iron Oxide (Fe2O3).  
 




Element OPC WCP1 WCP2 M0 T10 T20 T30 T40 B10 B20 B30 B40
CaO 78.50 1.95 1.48 78.50 70.85 63.19 55.54 47.88 70.80 63.10 55.40 47.69
SiO2 9.83 69.79 56.16 9.83 15.83 21.82 27.82 33.81 14.46 19.10 23.73 28.36
Fe2O3 5.38 5.27 14.82 5.38 5.37 5.36 5.35 5.34 6.32 7.27 8.21 9.16
Al2O3 1.79 12.67 18.13 1.79 2.88 3.97 5.06 6.14 3.43 5.06 6.69 8.33
K2O 0.82 6.47 4.92 0.82 1.39 1.95 2.52 3.08 1.23 1.64 2.05 2.46
Na2O 0.00 0.42 0.02 0.00 0.04 0.08 0.12 0.17 0.00 0.00 0.01 0.01
Other 3.67 3.44 4.47 3.67 3.65 3.63 3.60 3.58 3.75 3.83 3.91 3.99
XRF Results Design Cement/WCP Mixes
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5.3 Bond Strength 
The flexural bond test results show a general reducing trend with the inclusion of WCP, 
particularly at the higher percentage replacement rates. Interestingly, different WCP 
mortars achieved the highest mean bond strength at all curing durations. Figure 5.2 
shows the means and standard error for each tested mortar at all curing durations. The 
T10 and T20 mortar classes showed no significant difference between the results for 
all curing durations when compared to the reference M0 mortar. Mortar class B10 
displayed changes in mean bond strength on visual inspection, though these results 
failed to reach the 95% confidence limit during the significance testing. It is thought 
that with a greater sample size, T10 and B20 measured means would indicate a 
significant difference. T40, B20, B30 & B40 displayed significant changes in bonds 
strength at all curing durations, while T30 showed significant changes at 7-Day and 
60-Day curing durations only. This suggests that the replacement of cement with WCP 
does impact the measure bond strength at the brick-mortar interface. 
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Figure 5.3 indicates the extent to which the inclusion of WCP impacts the measured 
bond strength means at the 7-Day curing duration. At the 10% replacement rate, 
WCP1 displays an increase in bond strength before decreasing rapidly with the 
increasing rates of replacement. WCP2 shows a reducing trend across all replacement 
rates. At 30% WCP, both sources display bond strength reductions greater than 30% 
when compared to the reference sample.  The trendlines shown in Figure 5.3 indicate 
both WCPs would likely show continued decreases in bond strength with increased 
rates of replacement beyond the 40% tested. Significance testing indicates that the 
changes in 7-Day mean bond strength at 10% & 20% replacement rates is significant 
at a 95% confidence level, suggesting that differences in the two WCM does impact the 
measured 7-Day bond strength at lower replacement rates.  
 
 
Figure 5.3   WCP percentage vs flexural bond strength means at 7-Day curing duration. 
 
Figure 5.4 shows the impact increasing WCP percentage rates have on measure bond 
strength means at 28-Day curing durations. Both WCPs display virtually no change at 
the 10% replacement rate. In contrast, at 20% replacement rate a significant difference 
is seen between the two sources, with WCP1 showing an increase in bond strength 
while WCP2 decreases. Both WCPs exhibit decreasing trends beyond 20% 
replacement rates, though the difference in between the WCPs is still significant. This 
suggests that at 28-Day curing duration, the source of WCM does influence the bond 
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strength at replacement rates greater than 10%. The trendlines shown in Figure 5.4 
indicate likely continued reductions beyond 40% for both WCPs.  
 
 
Figure 5.4   WCP percentage vs flexural bond strength means at 28-Day curing duration. 
 
The 60-day curing duration results shown in Figure 5.5 display an irregular pattern 
compared to the 7-Day & 28-Day results, with WCP1 decreasing at 10% replacement, 
increasing at 20% before decreasing again at 30% & 40%. In contrast, WCP2 displays 
an increase at 10% before a sharp decrease at 20%, at which addition increases in 
replacement percentage have no significant impact on the measured bond strength. 
Beyond 20% replacement rate, the 60-Day results match those seen at 7-Day & 28-
Day curing durations, with no significant difference measured between the two WCPs.  
 
 
Figure 5.5   WCP percentage vs flexural bond strength means at 60-Day curing duration. 
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The erratic results at 10% and 20% replacement rates are likely due the differences in 
WCP chemical composition and how that impacts mortar moisture retention, 
shrinkage, and bond development.  
AS3700:2018 states that the maximum assumed untested bond strength is 0.2 MPa. 
If any in-situ test samples fail to meet this 0.2MPa limit at the 7-Day curing duration, 
all specimens of that mortar are considered to fail to comply with AS3700:2018. Figure 
5.6 outlines the minimum measured bond strength of each mortar at 7-Day, 28-Day 
& 60-Day curing durations. T30, T40, B20 & B30 fail to meet the 0.2MPa limit at the 
7-Day & 60-Day durations. B40 fails to meet this limit at all curing durations. 
AS3700:2018 assumes that the bond strength does not decrease beyond the 7-Day 
curing duration. The minimum bond test results indicate that this assumption cannot 
be made for mortars containing greater than 20% WCP1 and greater than 10% WCP2. 
 
 




      53 
5.4 Bond Strength Development 
The flexural bond strength tests showed the inclusion of WCP in mortar does impact 
the development of bond strength with time, as seen in Figure 5.7. The M0, T10, T20, 
T30 & T40 mortars experienced no significant change between the 7-Day & 60-Day 
curing duration. T30 & T40 both display significant improvements in bond strength 
between 7-Day & 28-Day curing durations. This is followed by significant reductions 
between 28-Day & 60-Day curing durations, resulting in 7-Day to 60-Day changes 
being insignificant to a 95% confidence level.  
 
 
Figure 5.7   Mean bond strength vs curing duration for WCP1 mortars. 
 
Figure 5.8 shows WCP2 performed differently to WCP1 in bond development. B10 
displayed significant growth between 7-Day & 28-Day, continuing to develop strength 
up to the 60-Day duration. Though their graphed lines appear similar, B20 & B30 
displayed different bond development profiles to T30 & T40 resulting in insignificant 
strength improvements at 28-Days, followed by significant strength reductions at 60-
Days. B40 had significant losses in bond strength at 28-Day and 60-day curing 
durations. 
 
      54 
 
Figure 5.8   Mean bond strength vs curing duration for WCP2 mortars. 
 
This study has emphasized the significance of bond development when testing bond 
strength. While many of the WCP mortars displayed no significant difference between 
the 7-Day & 60-Day curing durations, it cannot be said that further losses in bond 
strength will not be seen. All WCP mortars except T10 & B40 showed some increase 
between 7-Day & 28-day curing durations, supporting the view of many previous 
studies that WCP delays the development of strength in mortar.  
Bond strength development highlights the first potential problem with WCP 
incorporated mortars. It can only be assumed that the bond strength of these mortars 
would continue to change beyond the 60-Day curing durations, contravening the 
assumption made in AS3700:2018 that no bond decreases are observed after 7-Days. 
All WCP incorporated mortars displayed greater deviations in mean bond strength 
than the reference M0 mortar. The visually evident delay in peak bond strength 
followed by a decrease seen in a majority of the WCP incorporated mortars could 
suggest that lower percentage WCP mortars that have not displayed statistically 
significant reductions may continue to decrease with time. This delayed peak and 
eventual reduction could indicate a link between early bond strength development and 
strength maintenance. All mortars that achieved a mean bond strength of 0.3MPa at 
the 7-Day curing duration achieved a 60-Day mean bonds strength of 0.35MPa.  
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5.5 Failure Mode 
The failure mode for each sample was identified and documented during the bond 
wrench test experiment. While five failure modes of interest were identified to be 
relevant during the literature review, only three modes were observed during the 
testing.  
The three observed failure modes were: 
1. brick-mortar interface failure 
2. mortar failure 
3. combination interface/mortar failure 
 
Of the 162 masonry couplets tested, only one was concluded to be pure mortar failure. 
Often the determination of failure mode proved to be difficult. Test specimens that at 
first glance appeared to be brick-mortar interface failure often had small lumps of 
mortar protruding from the pores of the paver surface.  To maintain consistency in the 
failure mode determinations, it was decided that to be considered a combination 
failure, at least 10mm diameter piece of mortar needed to remain on the paver face. 
Figure 5.9 shows an example of a brick-mortar interface failure mode. While some 
small section of mortar remained on the surface of the paver, no section was greater 
than the designated 10mm diameter. 
 
 
Figure 5.9   Example of a brick-mortar interface failure mode. 
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Figure 5.10 shows the only example of that was determined to be pure mortar failure. 
Many test specimens demonstrated a majority mortar failure in conjunction with a 
section of interface failure.  
 
Figure 5.10   Example of a mortar failure mode. 
 
Figure 5.11 displays an example of the interface/mortar combination failure. This 
particular example shows large sections of mortar failure accompanied by a small 
section of interface failure. More commonly for the combination failure mode, a 
majority of the failure was at the brick-mortar interface with only a small component 
of mortar failure. 
 
Figure 5.11  Example of interface/mortar combination failure mode. 
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Clear differences exist in the distributions of the two most frequent failure modes. 
Figure 5.12 shows the combination failure mode distribution is heavily negatively 
skewed, with a mean of 0.39MPa and no specimens delivering a measured bond 
strength below 0.2MPa. The combination failure mode also accounted for the majority 
of specimens achieving over 0.4MPa in bond strength. The interface failure mode 
accounts for most specimens measuring between 0.2MPa & 0.3MPa and all specimens 
below 0.2MPa, resulting in a positively skewed distribution with a mean of 0.29MPa. 
The only specimen considered to be a mortar failure measured between 0.4MPa & 
0.5MPa in bond strength, though this is not plotted.   
 
 
Figure 5.12   Study failure mode distribution histogram. 
 
Figure 5.12 demonstrates that a correlation does exists between bond strength 
measured and likely failure mode. An assertion can be made that mortars achieving 
lower measured bond strengths are likely to exhibit a higher percentage of interface 
failures. In concurrence, mortars exhibiting higher percentages of combination failure 
are likely to achieve greater mean bond strengths. 
Figure 5.13 shows the failure mode percentage distribution of all mortars for all curing 
durations, combined with the mean, maximum and minimum bond strengths. A trend 
is visibly apparent with lower-performing mortars displaying significantly higher 
percentages of interface failure. 
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 Figure 5.13 shows a likely correlation between 40% WCP containing mortars and 
interface failure, with 35 of the 36 specimens tested exhibiting this failure mode. This 
suggests the incorporation of WCP at a 40% replacement rate reduces the bond 
strength below the mortar strength in tension. Figure 5.13 also highlights the trend for 
higher-performing mortars to contain a mixture of interface and combination failures. 
A correlation also exists between high minimum measured bond strengths and 
combination failure in the lower WCP percentage mortars.  
 
 
Figure 5.13   Failure mode percentages for all mortars and curing durations. 
 
While consistently maintaining high measured bond strengths, M0 exhibited a 
majority interface failure mode for all curing durations. At 28-Days, all test specimens 
suffered interface failure despite achieving the mortars highest mean bond strength. 
This contrasts with the similarly performing T10 & B20 mortars that suffered all 
combination failures at 7-Day & 60-Day curing durations respectively. The B30 mortar 
exhibited regular combination failure while being one of the poorest performing 
mortars. This indicates changes in failure mode percentages are driven by changes in 




      59 
When the bond strength of the mortar is sufficient to cause tensile failure, the probable 
failure mode will be a combination of interface and mortar. In contrast, when the bond 
strength is insufficient to cause tensile failure, interface failure will be the likely failure 
mode. Changes in the bond-tensile strength relationship with the inclusion of WCP 
may explain the differing failure mode distributions seen for M0 & B30 mortars when 
compared to the rest of the study. If the bond strength and tensile strength exhibit 
differing rates of change with variations in WCP percentage and chemical composition, 
unpredictable failure modes distributions could be expected. This might explain why 
the not significantly different bond strength results achieved by B20 & B30 mortars 
resulted in significantly different failure mode distributions. Figure 5.14 shows an 
example of a B30 masonry couplet that suffered a combination failure. This example 
displays a majority interface failure with only an index finger sized section of mortar 
failure. This type of combination failure looks to be the result of the bond strength 
approaching the tensile strength. If this is correct, the difference in measured bond 
strength between the B20 & B30 mortars is the result of a reduction in tensile strength.   
 
 
Figure 5.14   B30 mortar specimen exhibiting an interface/mortar combination failure mode. 
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Both T10 & B10 mortars displayed significant changes in their failure mode 
distributions at different curing durations. This may suggest that at the 10% WCP 
replacement rate, greater changes in the bond-tensile strength relationship occurs with 
time than at the higher replacement percentages. In the case of the T10 mortar, the 
results suggest that the tensile strength improved between the 7-Day & 28-Day curing 
durations, resulting in no significant change in measured bond strength, with a 
significant change in failure mode distribution from 100% combination failure to 83% 
interface failure. The B10 mortar showed a significant increase in measured bond 
strength between the 7-Day & 60-Day curing durations, with a significant change in 
failure mode percentages from 83% interface failure to 100% combination failure. The 
bond-tensile relationship suggests that the bonds strength developed at a greater rate 
than the tensile strength, resulting in an increase in measured bond strength and 
dramatic change in failure mode distribution.  
    
5.6 Edge Separation 
Separation of the bond between the mortar and paver stemming from the corners was 
observed in some samples prior to the commencement of the 7-Day bond wrench 
testing, as seen in Figure 5.15.  
 
 
Figure 5.15   Corner edge separation. 
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At the 28-Day curing duration, a greater percentage of samples displayed corner 
separation with some samples, as seen in Figure 5.16,  displaying separation along the 
length of the paver. At the 60-Day curing duration, an additional increase in both 
corner and length separation was observed. The separation was most apparent at the 
top interface, though was evident at both interfaces. The corner separation appeared 




Figure 5.16   Length separation.  
 
Figure 5.17 shows the percentage distribution of masonry couplets displaying edge 
separation and mean bond strength for all curing durations. The results show that a 
correlation exists between the increase in WCP percentage and the increase in edge 
separation. The results also indicate a relationship between increased curing duration 
and increased samples displaying edge separation. The 40% WCP mortars exhibited 
corner separation on all masonry couplets at all curing durations. The 40% WCP 
mortars also displayed length separation on some samples at 28-Day & 60-Day curing 
durations. The mean bond strength line in Figure 5.17 show a clear correlation 
between the increase in edge separation and a reduction in mean bond strength. Aside 
from T40 mortar at the 28-Day curing duration, increases in length separation resulted 
in significant reductions in mean bond strength. 
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Figure 5.17   Edge separation percentage distribution for all curing durations 
 
The separation distributions shown in Figure 5.18 clearly indicate a correlation 
between edge separation and bond strength. The no separation distribution is heavily 
negatively skewed, compared to the study population, with a mean of 0.4MPa. The 
length separation distribution is heavily positively skewed with a mean 0.17MPa. The 
corner separation distribution is also positively skewed, when compared to the study 
population, with a mean of 0.28MPa. 
 
 
Figure 5.18   Study edge separation distribution. 
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The separation of bond around the edge of the paver has a significant impact on the 
measured bond strength of a specimen. Figure 5.19 shows a failed T40 mortar sample 
that exhibited significant bond separation at the corners and along the length of the 
paver. This sample was tested at the 60-Day curing duration and achieved a bond 
strength of just 0.13MPa. When observing the failed mortar surface, clear 
discolouration between the edge and the centre is evident. In conjunction with the 
discolouration, a difference in texture is evident between the two sections. The centre 
section was rough, having left some of the surface mortar on the paver during testing. 
The lighter coloured section around the edge of the mortar surface felt smooth to touch.  
 
 
Figure 5.19   Failed T40 mortar sample displaying reduced bond area. 
 
The separation of bond around the perimeter of the brick-mortar interface resulted in 
a reduction in effective bond surface area. This reduction appeared to be as high as 
approximately 30% in some samples. The reduction in effective bond surface area 
visually appeared to correlate with the increase in WCP replacement rate. The load 
applied to the bond wrench was resisted by the reduced effective bond surface area, 
resulting in direct reductions in the measured bond strength. 
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The edge separation along the perimeter also provided weak points for flexural failure 
to propagate from. This may have led to the greater percentage of interface failures 
observed at the higher WCP replacement rates. Edge separation along the front face of 
the tested specimen would have resulted in a translation of the neutral axis, effectively 
increasing the moment arm length and thus increasing the moment generated around 
the axis. This increase in moment, coupled with the reduction in resisting bonded area, 
resulted in the significantly lower measured bond strengths. 
The edge separation is likely the result of excessive shrinkage due to rapid moisture 
loss via a high initial rate of absorption by the pavers. This shrinkage increased with 
the greater WCP percentage rates. This is due to the change in the mortar’s ability to 
retain moisture, likely a result of the reduction in the percentage of calcium carbonate 
with the increase in WCP percentage observed in the XRF analysis results. This theory 
is supported by the observations made during the construction of the masonry 
couplets, that the workability and setting time of the mortars greatly reduced with the 
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Chapter 6 Conclusions 
 
This research project assessed the bond strength properties of environmentally 
sustainable mortars containing waste ceramic powder as a partial replacement for 
cement. This study has highlighted that many factors play a role in the bond strength 
and bond development at the brick-mortar interface. Based on the outlined 
experimental results, the following conclusions have been drawn from the study: 
1. WCP does have an impact on the measured bond strength of mortar at the 
brick-mortar interface. Some strength improvements were seen at the lower 
replacement percentage rates, though these changes did not meet the 95% 
confidence limit during significance testing. The replacement of cement with 
WCP at greater than 20% by mass reduces the measured bond strength 
significantly. 
 
2. WCP does have an impact on the development of bond strength with time. The 
results showed that the incorporation of WCP created significant changes in 
bond development at replacement rates greater than 20%. At these 
replacement rates, a delayed peak bond strength is observed followed by a 
decline by the 60-Day curing duration. Replacement rates less than 20% did 
express changes in bond development, though these were only significant 
between the 7-Day & 60-Day curing durations. These changes in bond 
development are likely driven by changes in the chemical composition of the 
cementitious material with the inclusion of WCP.  
 
3. WCP mortars that exhibit high early bond strength retain much of their bond 
with time. The results of this study highlighted that mortars that performed 
poorly at the 7-Day curing duration exhibited lower results at the 60-Day 
curing duration, regardless of whether the bond had significantly improved at 
28-Days. In contrast, mortars that achieved high early bond strengths 
experienced insignificant changes between curing durations. 
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4. The inclusion of WCP does have a measurable impact on failure mode 
distribution, though it is thought that changes in the bond-tensile relationship 
and bond separation are driving these differences in failure mode distribution 
observed.  
 
5. Changes in the chemical composition of the WCP impacts the measured bond 
strength at the brick-mortar interface. Significant differences between the 
mean bond strength results of the two sources of WCP were observed at 20% 
replacement rates. The measured differences between the two decreased with 
replacements rates greater or less than 20%. 
 
6. WCP incorporation reduces the mortars resistance to brick suction, resulting 
in the rapid initial rate of absorption by the paver. The rapid loss of moisture 
experienced by the mortar results in reductions in measured bond strength 
through the formation of bond separation around the perimeter of the mortar 
bed. This bond separation results in a reduction of affected bond surface area 
and a translation of the neutral axis, resulting in a decreased measure bond 
strength. 
 
7. WCP rates greater than 20% of the two sources tested fail to meet the 0.2MPa 
minimum tested strength expected in AS3700:2018.  
 
6.1 Recommendation and Further Work 
This research project has highlighted the importance of assessing the bond 
development of mortars incorporated with WCP. AS3700:2018 assumes that the bond 
strength exhibits little change with time. This assumption is supported by the M3 
compliant mortar used in this project as the reference mortar. Any change in bond 
development, whether increasing or decreasing, prevents the recommendation of WCP 
mortars without further investigation into bond development over longer periods. This 
is due to the visually evident trend for WCP mortars to exhibit delayed bond strength 
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peaks followed by reductions. The changes in bond development were more significant 
at the higher percentage replacement, though the rate of change may be driven by the 
percentage replacement. It is unknown whether a rise and fall in bond strength, similar 
to that observed at the higher replacement rates, would be exhibited by the better 
performing mortars over a longer curing duration. 
An investigation of increased W/C ratios for mortars containing greater than 20% 
WCP would give greater insight into the impact brick suction and moisture retention 
plays on the measure bond strength and bond development. This further work would 
also highlight the impact changes in W/C has on shrinkage, bond separation and early 
bond strength. Further investigation into the bond separation exhibited by the WCP 
mortars would be advantageous. Accurate assessment of the separation profile and 
effective bond surface area of each sample before bond wrench testing would better 
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Appendix A – Project Specification 
ENG4111/4112 Research Project 
Project Specification 
For:   Tyson Visser 
Title:  Investigation into the effect of partial cement replacement with waste 
ceramic powder on the brick-mortar bond. 
Major:  Civil Engineering 
Supervisor:  Dr Weena Lokuge 
Enrolment:  ENG4111 - EXT S1, 2020      
  ENG4112 - EXT S2, 2020 
Project Aim: To investigate the bond strength of mortars containing waste ceramic 
powder (WCP) as a partial replacement for cement at various 
percentages by volume.  
Programme:    Version 2, 16th April 2020 
1. Investigate available research relating to the bond strength properties of 
mortar and the use of waste ceramics in eco-friendly mortars and concretes. 
 
2. Design and manufacture grinding equipment to manufacture waste ceramic 
powder from two independent sources. 
 
3. Design an experiment, prepare test samples and manufacture bond strength 
testing apparatus as described in AS3700:2018. 
 
4. Conduct bond strength testing and failure type inspections on prepared 
samples at curing durations of 7 day and 28 days. 
 
5. Examine the chemical composition of the two sources of WCP using X-Ray 
Fluorescence analysis (XRF) to determine probable untested mechanical 
properties from the existing literature with corresponding WCP chemical 
compositions.  
 
6. Analyse the experimental data, interpret the results and produce a 
dissertation. 
If time and resources permit: 
7. Conduct additional bond strength testing of samples with a curing period of 
60 days. 
 
8. Examine the failed brick-mortar interface using a scanning electron 
microscope (SEM) to identify potential failure mechanisms. 
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Appendix B – Risk Management Plan 
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Appendix C – Failed Specimen Images 
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